Although it is well documented that blind loop of the small intestine, either spontaneously occurring (2) or experimentally produced (3) (4) (5) , is associated with steatorrhea, the mechanism for this abnormality has not been demonstrated. A pathogenic role of bacteria is strongly suggested in this and closely associated conditions by the observations that bacterial overgrowth of the small bowel occurs (6, 7) and that the steatorrhea usually responds to antibacterial therapy (2, 4, 5) .
In the present study in vivo alteration of bile acid metabolism in dogs with experimental blind loop steatorrhea was investigated. Marked differences from normal were observed, the most notable abnormality being considerable conversion of conjugated to unconjugated acids within the small bowel of the experimental animals.
Two experimental findings suggest that this alteration of bile acid metabolism plays a role in blind loop steatorrhea. First, intraluminal micelle formation, a probable step in fat absorption that occurs optimally in the presence of conjugated bile * Submitted for publication October 11, 1965 ; accepted March 7, 1966. This study was supported by U. S. Public Health Service grants NB 03346-04, ZA 5091, and Clinical Research Training grant CA 5110-04 from the National Cancer Institute. It was presented at the general session of the American Federation for Clinical Research on May 2, 1965, Atlantic City, N. J., and has appeared in part in abstract form (1) . acids, was shown to be impaired. Second, feeding of conjugated acids to animals with steatorrhea resulted in amelioration of the fecal fat loss.
Methods
Mongrel dogs weighing 32 to 38 pounds were used in all studies. Both control and experimental animals were individually caged, and food intake consisting in all animals of Purina dog chow and meat dog chow 1 was measured for each daily feeding. This feeding provided an average of 55 g of fat as determined by fat analysis and a total of 954 calories. This was offered as a single feeding and most was consumed within 1 hour. There was no significant difference in intake between operated and control dogs. When sodium taurocholate2 was administered, 5 or 10 g was thoroughly mixed with the feeding, and this mixture was rapidly and completely consumed by both control and operated animals.
In experiments requiring a single liquid fat-containing feeding, 320 ml of formula was used. This contained 14 g of safflower oil, which constituted 40%s of its caloric content.
Cholesterol-4-1C 3 was administered intravenously in 0.5 to 1.0 ml of ethyl alcohol.
Operative procedures. Figure 1 is a schematic representation of the results of the surgical procedure for the construction of the blind loop as slightly modified from that described by Tonnis and Brusis (8) Weight loss occurred in all operated animals, reaching a maximum of 37%o of body weight in one animal.
In two dogs, one with 19%o and the other with 22%o fecal fat loss, 0.5 g per day of tetracycline was administered orally for 20 days, and steatorrhea fell to 7%o in both instances with cessation of weight loss. In one dog in which continuity between the blind loop and the jejunal lumen was interrupted, fecal fat loss fell from 17.6 to 6.2%o after 18 days.
Bile acid conjugation in intestinal content and bile. Four normal and four blind loop dogs received 20 uc of cholesterol-4-14C intravenously. Twenty hours later, the per cent of bile acid radioactivity in conjugated and nonconjugated forms GICALLY PRO-was determined in jejunal content obtained in the fasting state in each instance and in one control ..itio whenand blind loop dog 30, 60, and 90 minutes after n the animanl instillation of a fat-containing formula (Table I, $ After instillation of fat-containing feeding.
gated, conjugation of gall bladder bile acids ranged from 87.8 to 99.0% in both groups of animals. Gall bladder content was obtained by direct puncture at laparotomy carried out at the end of each study.
In order to assess further the role of the blind loop itself in the observed alteration of bile acids, bile was obtained 24 hours after the injection of cholesterol-4-14C from a normal dog in which an exterior bile fistula had been produced. Eighty ml of this bile was placed into the blind loop segment that had been detached from its intestinal continuity in an operated dog with steatorrhea. Contents of the isolated loop were sampled for 24 hours after instillation of the radioactive bile, and bile acid isotope was fractionated into conjugated and nonconjugated fractions. Before injection, the biliary bile acids were essentially all in the conjugated form. As illustrated in Figure 2 , within 6 hours the unconjugated material had risen to 70% of the total isotopic bile acid.
Fractionation of the nonconjugated acids that appeared in the loop provided further evidence of changes produced during this in vivo incubation.
The dihydroxy acids rose to 40% of the total acids at 6 hours. These, however, could have risen either from deconjugation of the conjugates of the dihydroxy acids in the injected bile or from dehydroxylation of the biliary trihydroxy acids. Monohydroxy acids, on the other hand, are not constituents of bile (14) , and their appearance in the intestinal loop at 8 and 24 hours indicates that, in addition to deconjugation, alteration of ring structure also had occurred.
Micelle formation in blind loop jejunal content. Six specimens of jejunal content below the blind loop stoma were obtained from two dogs with steatorrhea 30 to 120 minutes after the intragastric for the last 3 days of the feeding was compared to a control period. As illustrated in Figure 3 , steatorrhea that was 20.6 and 23.4%o of intake during control collections fell to 12.7 and 15.7, respectively, on 5 g of sodium taurocholate and 7.9%o in both animals while they received 10 g per day.
The latter figure was comparable to 7.0%o fat loss observed in the first animal after 20 days of antibiotic therapy and to 6.6 ± 0.3%o in 11 normal dogs. This decrease in fecal fat loss occurred in spite of diarrhea observed during bile acid feeding in both animals at both dosage levels. Intraluminal lipolysis. Jejunal content was obtained from two normal dogs and one blind loop dog 60 to 120 minutes after instillation of the safflower oil-containing formula into the stomach. The composition of fatty acid and triglyceride after extraction with ethanol: ethyl ether (3: 1) is depicted in a thin layer chromatoplate (Figure 4) . Triglyceride, the major constituent of safflower oil is essentially absent from the intestinal content of both blind loop and control animals. In both instances fatty acid, the major product of triglyceride lipolysis, is present as the main component. Although this nonquantitative demonstration does not establish that lipolysis has proceeded normally in the blind loop animals, it indicates, as shown by others (5) , that extensive lipolysis does take place in this situation.
pH of intestinal content. The pH of intestinal content of three blind loop dogs with steatorrhea and four controls ranged from 6.4 to 6.8.
Histology : .
' ' ' 9 ' . ; f f ' ' " t -, . . . X . : -, -t 0 0 S -f .g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . distal to the stoma from three dogs with steatorrhea 7 months after construction of the blind loop. No abnormality was noted in these biopsies nor in a single specimen obtained from the loop itself.
Discussion
In the present study we have demonstrated marked abnormalities of .bile acid metabolism in vivo in dogs with steatorrhea secondary to surgical construction of a jejunal blind loop. These changes include a high per cent of deconjugated bile acids within the small bowel and, as demonThe safflower oil standard consists almost periods after instillation of fat-containing strated within the loop itself, conversion of unconjugated acids to mono-and dihydroxy forms. Whether the deconjugation of bile acids noted in the jejunal content occurred during passage of the acids through the loop or took place within the jejunal lumen per se as a result of extension of the bacterial overgrowth from the loop is not established by this study.
In one blind loop animal, considerable deconjugation was also apparent in the gall bladder bile.
Whether this resulted from bacterial overgrowth into the biliary system or failure of the liver to (5) has demonstrated accumulation of dihydroxy acids in the blind loop contents in both rats and man. The mechanism by which these alterations in bile acids lead to impairment of fat absorption, which characterizes both experimental and naturally occurring blind loop, although previously suggested (18) has not been established.
Lipolysis, micelle formation, and re-esterification within the mucosal cell are among the processes in fat absorption known to involve bile acids. Findings in the present study as well as those previously reported (5) indicate that effects on lipolysis, if present at all, are minimal in the presence of blind loop steatorrhea. Since the action of pancreatic lipase is enhanced both by conjugated and unconjugated bile acids (19, 20) , no effect on this enzymatic activity would be expected to result from the deconjugation of bile acids that occurs in blind loop.
In the present study, the formation of micellar lipid after a fat meal was shown to be defective in dogs in which blind loop had been produced. Hofmann and Borgstr6m (21, 22) have shown that at the pH of intestinal content nonconjugated bile acids are largely in nonionic form and do not participate optimally in micelle formation. This may reflect either the limited solubility of unconjugated acids in micellar solutions at the pH of intestinal content (23, 24) or the selective binding of unconjugated acids to bacteria or other intestinal content residues (24) . In contrast, conjugated acids have a lower pK value, are in ionic form, and readily form mixed micelles with the products of intestinal lipolysis-fatty acids and monoglyceride. It is possible that the demonstrated defect in micelle formation that occurs in the blind loop dog results from a deficiency of intraluminal conjugated bile acid resulting from the rapid deconjugation of biliary bile acids in the presence of intestinal overgrowth. The conversion of steatorrhea in this study by feeding large amounts of conjugated bile acids is consistent with this contention. Quantitative considerations support this line of reasoning. Under normal circumstances bile acid concentration in the small bowel lumen in man (essentially all in conjugated form) has been reported to be 6 to 10 mmoles per L (25, 26) . In the present study, deconjugation of 70 to 97.5% of the conjugated acids occurred. This would lower the concentration of conjugated acid to the range of 0 to 2 mmoles per L, assuming total concentration to be the same as in normal man. These values are below the critical micellar concentration reported by Hofmann (26) . It is important to emphasize that these figures are based on several assumptions proven neither for normal nor blind loop dogs, but they suggest that the degree of abnormality seen is the order of magnitude required to alter micelle formation.
Dawson and Isselbacher (18) have shown that re-esterification of fatty acids after entry into intestinal mucosal cells is greatly enhanced by conjugated bile acids, a process apparently separate from their effect on solubility within the lumen. These authors have further demonstrated that although nonconjugated cholic acid acts weakly to enhance esterification, deoxycholate, a bacterial product of cholic acid (16, 17) , is inhibitory. They have suggested that bacterial alteration of bile acid structure in the blind loop syndrome could lead to impaired fat absorption. The demonstration in the present study that both deconjugation of bile acids and alteration of ring structure occur in the intestine of blind loop dogs is consistent with their hypothesis that the optimal bile acid composition for re-esterification is not present in this situation. The relative roles of impaired micelle formation and decreased re-esterification in the steatorrhea of blind loop are not certain. Although the present study documents that micelle formation is defective in blind loop steatorrhea, abnormal re-esterification has not been reported in vivo in this situation. Furthermore, the histological change described by Dawson and Isselbacher (18) produced by deoxycholate was not observed in the jejunal mucosa of animals with steatorrhea in the present or previous studies (5) . In either case, the correction of fat absorption with bile acid feeding strongly supports the contention that the defect results from rapid deconjugation of bile acid by bacterial overgrowth in the intestinal lumen. It further suggests that the deficiency of conjugated acids, rather than abnormal accumulation of deconjugated forms, is critical, since it is likely that after taurocholic acid 961 KIM, SPRITZ, BLUM, TERZ, AND SHERLOCK feeding in large doses the content of the nonconjugated products of bacterial action were present at high levels. Summary A jejunal blind loop was produced surgically in 12 dogs, and steatorrhea of up to 56% of dietary fat occurred within 2 to 7 months. Deconjugation of isotopic bile acids was demonstrated within the small intestine of these animals as well as within the blind loop itself, coincident with alteration in ring substitution. After a fat-containing meal, 2.2 + 5.0% of jejunal content lipid was in micellar phase in blind loop dogs compared to 56.5 + 35.6%o in control animals. Steatorrhea was corrected by orally administered sodium taurocholate. These findings suggest that the altered bile acid metabolism present in these animals plays an important role in their impaired fat absorption, probably by interfering with optimal intraluminal micelle formation.
